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INTRODUCTION

Studles oflthe notch sensitivit& of heat-resistant materials have been
carried out at The Univergity of Michigan, Ann Arbor, Michigan, under sponsor-
ship of the Wational Aeronautics and Space Administration, Washington, D.C.
Resglts have been reported for sheet nickel-base alloys: Waspaloy [1,2],%

René 41 [3], Inconel 718 [4], TD-Nicr [5], and a low gamma prime volume frac-
tion alloy "Modified Waspaloy" [5]. The present repoft covers results obtalned
- for Udimet T7OO.

The early studies lndicated that time-dependent edge-notch sensitivity of
sheet materials (Figure 1) occurs when: {a) edge-notched specimens are loaded
- helow the'approximate 0.2 percent smooth specimen offset yield strength and,

fv) the dislocation mechanism is such that the creep deformation is localized
and not homogeneous. The nature of the creep deformation in the alloys studied
was dependent on the interaction of dislocations with precipitate particles.

In the case of TD-NiCr, dislocations by—pgssed the inecherent Tho2 particles
during creep which resulted in homogeneous deformation and no time-dependent
notch_sensitivity. The other alloys studled are strengthened by coherent pre-
cipitatgs.} Particles smaller than s "critical" glze were sheared by disloca-
tions, whilst larger particles were by-passed by dislocations. These mecha-
.ﬁisms yregulted in localized and homogeneous deformstion, respectively. The
alloys were, therefore, susceptible to time-dependent noteh sensitivity only

when they contained coherent precipltates (smaller than the critical size)

*Numbers in brackets designate references at end of report.
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which were sheared by dislocations.

The critical particle size is dependent on the volume fraction of the co-
herent preciplitate. The alloys previoﬁsly evaluated had less than 25 percent
precipitate. Hence, to extend the scope of the concepts developed, Udimet 700
which has about L5 percent gamma prime, 7',N13(A1,Ti), was gtudied., As the
early investigations exclusively involved sheet materials, it was considered
important to evaluate other product forms. Consequently, sheet, bar, and in-
vestment-cast Udimet 700 were studled, Smooth, edge—nofched ("flat") and
round-notched specimens of the experimental materials were tensile and creep-
rupture tested at temperatures from 1000° to 160C°F (538°-871°C). The micro-
structural features, particularly the dislocation-motion mechenlsms, were

evaluated,.



EXPERIMENTAL DETATLS

Udimet 700 was received 1n the form of O.l-inch (2.5 mm) thick plate,
0.6-1nch (15 mm) diameter hot-rolled bar and investiment cast specimen blanks
with 0,093 x 0.75 x 1.5-1inch (2.4 x 19.1 x 38 mm) gauge sections. The follow-

ing are the ladle compositions reported for the bar and cast materials (welght

percent):
C Cr Co Mo Ti Al B
Bar 0.1% 14.6 18.6 5.15 3,70 L.68 0.018
Cast 0.08 1h.5 4.9 4,20 3,38 L.28 0.016
7r Fe S Mn gi Cu Ni
Bar < 0.04 0.4 0.003 < 0.1 < 0.1 < 0.1 balance
Cast < 0.04 0.2 - < 0.1 < 0,1 < 0.1 balance

The plate material was reduced in an laboratory mill to a thickness of
about 0.032 inch (0.8l mm) by cold rolling with periodic anneals at l9f5°F
(1079°C). After pickling, this material was cold reduced 25-30 percenﬁ in
several passes to a final thickness of approximately 0.025 inch (0.64 mm).

Longitudinal specimen blanks of the sheet, bar, and cagt materials were
individually sclution tre&ted in an argon atmosphere at él50°F (1177°C). The
exposures were 1/2 hour.for the sheet and 4 hours for the baf and castings.
All of the materials were alr cooled after solution treatment except for a
1imited number of blanks of the bar material which were water quenched. Sub-
sequent treatments {aging) were:

(a} None - bar {water quenched).



(b) 3 hours at 1500°F {816°C) - sheet, bar, and castings.
{e¢) 2L hours at 1600°F {871°C) ~ sheet and bar.
(d) 48 hours at 1700°F (927°C) - sheet,

(e) 4 hours at 1975°F (1079°C) plus 24 hours at 1550°F (843°C) plus
16 hours at 1400°F (760°C) - sheet, bar, and castings.

The treatments (b) through {d) were selected {from hardness tests of aged
sheet material - Figure 2) to provide materials having gamma prime particles
both smaller and larger than the "critical size" (corresponding to maximum hard-
ness). Treatment {e)-is the "multiple" aging treatmen£ commonly used for
Udimet 700. The aging treatments at 1975°F {1079°C) were carried out on indi-
vidual blanks under argon. For the sheet materiasls, the remainder of the ag-
Ing treatments were carried out in air. Batches of 10 or 12 of the specimen
blanks were clamped in s fixture to prevent warping during these treatments.
These fully heat-treated sheet materisls were then machined into specimens.

In the cage of the bar and investment-cast materials, specimens were first
machined and then thé final aging treetments were carried out on the gpecimens
sealed in evacuated quartz tubes.

The test program included both smooth and noteched specimens. The sheet
specimens (Figure 3) were the same as used in previous investigations-[l-5].
The dimensions of the bar and cast specimens are shown in Figures 4 and 5.
Sheet and investment-cast speclmens were edge-notched (Kt's of > 20 and 18,
respectively) while bar specimens were circumferential notched (Kt = 8).

Tensile and creep-rupture tests were conducted at temperatures from 1000°
to 1600°F (538°-871°F). The test procedures have been reported [1].

For optlcal metallography, samples were etched electolytically in "g"



étch [6]. The 7' volume fractions of solution-treated snd aged samples were
determined by electrolytic extraction using a solution of 1 percent ammonium
sulphate plus 1 percent citric acid in water [T].. Technlques for the prepara-
tion of thin foils, for study by transmission electron microscopy, have been
reported [2]. Lattice parametérs of the y {matrix) and y' phases for the sheet
material heat treated 1/2 hour at 2150°F (117C°) plus 24 hours at 1600°F
(é?l°cj were determinéd by x-ray diffraction usiﬁg a 1L44.6 mm diameter Debye
camera with nickel-filtered copper radiation. The extracted residue from the
volume-fraction determination was used for the x-ray study of ¥'. The lattice
parameter of the y phase was determined using a fine "wire" of the alloy pre--

pared by electrolytic thinning.



MECHANICAL CHARACTERISTICS

The results of hardness tests are presented in Figure 2, while data from
tenslle and creep-rupture tests are included as Tables I through ITI. The
principal features, particularly those related to the notch-sensitive behavior,

are presented in the following sections.

HARDNESS
Room temperature hardness tests were conducted to characterize the re-

t

sponce of y' in solutlon-treated sheet materisl to aging. The results (Flgure

2) demonstrated that, with increasing severity of aging (increasing time and/or

1

tempersture), the hardness increases until the »' exceeds a "oritical

slze
after which further growth results in a decrease in hardness. The level of
maximum hardness differed for the various aging temperatures due to variastions
in the equilibrium volume fraction of y' at the elevated temperatures { consid-
ered in subsequent section). The aging treatments: 3 hours at 1500°F (816°¢),
2k hours at 1600°F (871°C), and L8 hours at 1700°F (927°C) were selected for
the investigation as they resulted in y' particles both smaller and larger

than the critical gslze.

TENSILE CHARACTERISTI&S AT 1200°F {6L49ec)

The tensile properties variled according to the aging treatment (Tables I,
IT, and IIT). The tensile characteristics of the sheet material, as a function
of y' size, are shown in Figure 6 (the results of size measurements are pre-

sented in a subsequent section). Tote especlally that, as was the case for



hardness, the yield strength increased and subsequently decreased with in-
creaging particle size. The theoreticasl and practical significance of this
will be discussed later.

There were differences in tenslle properties measured for the various
product forms (Tables I, IT, ITII). Factors that could be expected to contrib-
ute to these differences are: specimen shape, grain slze, y' particle size,
and volume fraction. The high tensile strengths of the bar material can be
attributed, at least Iin part, to the specimen shape that differed markedly
from that used for the sheet and investment-cast materials. Circumferential
notcheg in the round specimens Introduced triaxial stresses, whereas edge-
notches in the "flat" {sheet and investment cast) specimens introduced a blax-
ial stress concentrations. In contrast to the biaxial case, a triaxial stress
state can‘significantly.reduce the effeétive stress and, thereby, cause higher
tensile (and creep) strengths. Although this effect was most evident-from the
notched specimen results, 1t also influenced smooth gpecimen propertles as tri-
axlal stresges were introduced during necking of round specimens.

All of the tensile-tested specimens falled transgranularly ("low" temper-
ature-type failures). As a consequence, the teﬁsile gtrengths could be ex-
pected to be decreased by increasing the graln size (sverage grain diameters:
shéet - 0.15 mm, bar - 0.11 mm, investment castings - 0.06 to 0.32 mm).

Tengile strengths can be lncressed by inereasing the »' volume fractilon,
Miner differences in the folume,fraction that occurred for the various product
forms must have had some Influence on the relative properties of the various pro-

ducts (sheet, bar, and castings were sbout hl, 48, and 50 percent 7', respectively).



For a given aging treatment, the »' particle size varied with product
form and thereby influenced the tensile properties. This occurred because y!
precipitated and coarsened during cooiing from thg golution treatment tempera-
ture. The greater the section size the larger the ' that resulted on alr
cooliﬁg and. after subsequent aging. Although these differences affected the
tenslle properties, their influence on the creep-rupture strength, particularly

those for notched specimens, was greater.

CREEP-RUPTURE STRENGTHS

Extensive test results obtained for the sheet materials (Table I) are
presented first, followed by an evaluation of the more limited test results
for the bar and cast materials (Tables II and III).

The sm@oth specimen rupture strengths (Figure 7) of the various heat-
treated sheet materials.differed at the low parameter values {short times and/
or low temperatures) but became more similar at higher parameter wvalues. This
was due, at least in part, to growth of »! during the high-temperature test
exposures. For the material aged 3 hours at 1500°F (8.6°C), many of the
smooth specimens falled either at the pin holes or the shoulders ( Table I).
This reflects the high sengitivity of the rupture strengths of thls material
to even mild notches (this material was highly susceptible to time-dependent
notech sensitivity).

All of the sheet materlals (Flgures 8 through 11) exhibited time-dependent
notch sensitivity at the lower test temperatures, 1000° to 1200°F (538°-6Lg°C)

(about 0.4 to 0.5 of the melting point, T » Of the alloy). In other words, the

notched-to-smooth strength ratios (N/S) In rupture tests decreased with time to



values considersbly below those determined by tensile tests (Table I). In
contrast to £he behavior at low temperatures, for the rupture tests at 1600°F
(871°C) (about 0.66 Tm) and, in some cases at lHQO°F (76050), the N/S rupture
strength ratios were high, 1l.e., tlme-dependent notch éensitivity did not occur.
Thisg notbh-sensitive behavior has the same general characteristics as reported
[1-5] for other »' strengthened superalloys.

In the earller gtudies 1t was shown that the drastic increase in the steepness
in the notched specimen rupture curve, which causes the ineresge in notech sen-
sitivity, occurs at the approximéte 0.2 percent gsmooth specimen offset yield

strength (ay). The results of the present investigatlon are not inconslstent

~with this observation. The decrease in notch sensitivlity that occurred with

increasing time was due to an upward break in the notched specimen rupture
curve. The stress at which the upward breakoccurred(cn) was a function of
the heat treatment and the test temperature. Thege factors will be discussed
further in a subsequeﬁt section.

The rupture strengths of smooth spécimens of the bar material {Figure 12)
were independent of the various aging freatments used (3 hours at 1500°F
(816°C), 2b hours at 1600°F (871°C), and the "multiple" treatment}. The

strengths were higher than obtalned for the sheet materials., Time-dependent

' notch sensitivity occurred for the bar materials aged at 1500°F (816°C) and

1600°F {871°C), but was less severe than evident for similarly heat treated
sheet material {Figures 13, 14, and 15). Time-dependent notch sensitivity was
not observed from the tests carried out on the "multiple"” aged bar material

{Figure 15). Limited notched specimen tests for solution-treated and water-



_quenched bar indicated that it suffered from a very severe time-dependent
notch sensitivity (Figure 13).

The edge-notched and smooth specimen rupturg strength characteristics of
the investment-cast materials (Figures 16 and 17) were similar in nature to
thoase described for similarly heat treated sheet material. Some minor differ-

“ences ln strength levels and severity of notch sensltivity were evident.
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MICROSTRUCTURAL FEATURES

As-heat~treated materials were étudied in order to characterize the micro-
structural features, particularly the 7} phase. Subsequently, tensile énd
creep-rupture tested specimens were examined by transmiésioﬁ electron micros-
copy in order to estaﬁlish the dislocation mechanisms operative and, also
changes in the y' phase that resulted from the elevated temperature test expo-
sures. Samples for study were taken somewhat removed.from the fractures of
smooth specimens and, hence, represented the materials in the early stages of
cracking.

Extensive structural evaluation was conducted for the sheet materials.
Sufficient study was then made of the bar and cast materials to establish

their characteristics relative to those for the sheet materials.

VOLUME FERACTION OF GAMMA PRIME (Vf)

The volume fractions of y' were determined by electrolytic extraction [7]°
of solutj;on-treated (1/2 hour at 2150°F (1177°C) and air cooled) and solution-
treated and aged sheet materialé; The results are presented in Figure 18.

Also included are results from a study reported by Van Der Molen gﬁlgi. [el,

in which volume fractions of y' in Udimet 700 were determined from drop-

" gquenched gpecimens. For the higher temperature exposures, the air-cooled

sheet specimens of the present study contained muech higher y' volume fractions

than the reported values [8]. This occurred because considerable y' precipi-

tated (and coarsened)'during air cooling which, presumably, did not oceur to

11



any great extent for the drop-quenched materials. The dashed curve on Figure
18 represents an estimate of the equilibrium volume fraction of y' as a func-
tion of temperature for the sheet maﬁerial. At @he lower temperatures the

material was about 4L percent y'. Extractions indicated that at low tempera-

tures the bar end cast meterials were about 48 and 20 percent y', respectively.

GAMMA PRIME PARTICLE SIZE

Average y' particle sizes were measured for as-heat -treated materials and
rupture~tested smooth specimens. The determinations were made by the measure-
ment of approximately 500 particles in transmission eléctron micrographs of
thin foils.*

The particle size data for the sheet materials were considered in terms
of growth acecording to (time)l/5 in the same manner as described by Van Der
Molen et al. [8]. This reported study showed that the coarsening of y' in

Udimet 700 at temperatures from 1800° to 2000°F (982° -1039°C) followed the

relationship:

#5217 = w3, (1)
where: r is the average particle radius at time t,

fo is the average radius at t = 0, and

k 1is & temperature-dependent rate constant.

*This technique can provide accurate results as long as the particles are
smell relative to the foil thickness (order of 20008). Calculations have
shown that when the average particle size equals the thickness of & perfectly
thinned foil, errors in the average size of about 4 percent can be expected.
Inereasingly larger errors oceur as the particle size increases relative to
the thickness.

12



Data obtained in the present investigation for solution-treated and aged sheet
Udimet 700 are presented in Figuie 19; The curves were drawn so that values
of [55,-50311/3 varied linearly with the cube root of time in accordance with
the above equation. At zero t{ime the average particle radius ,(ro) was about
508. This is the approximate size of y' formed during air cooling after solu-
tion treatment at 2150°F (1177°C). The slopes of the lines in Figure 19 are

the temperatureFdependent rate constants k which are given by [8]:
1n[k>(1/ce)] = A(-/RT), (2)
where: @ 1is an activation energy for coarsening (dependent on the diffusion

of aluminum and titanium in the matrix),

Ce is the concentration of solute in equilibrivm with & particle of
© infinite radius,

T 1is the absolute temperature,

R is the gas donstant, and

A 1s a constent.
Thus, the activation energy for coarsening cen be determined from a plot éf
1og[k3(T/Ce)] versus 1/T. This is shown in Figure 20 for data obtained in the
current investigation but using reported-values for Ce [8]. At temperatures
above about 1700°F (927°C} the data agree well with the results of Van Der
Molen et al. [8]. The aétivation energy for coarsening is about 60 kcal/mole
which approximates the act?vatibn energies for diffusion of aluminum and tita-
nium in nickel (64.4 and 61.4 keal/mole, respectively). However, at the lower
temperatures (not-studied in Reference 8) the activation energy for growth was

considerably higher (about 130 kcal/mole). It is interesting to note that

L3



these characteristics are similar to the results of measurements of the appar-
ent activation energy for creep obtained for many nickel-baée 8lloys.

Limited data for coarsening under stress fo; the sheet material heat
treated 1/2 hour at 2150°F (117°C) plus 3 hours at 1500°F (816°C) end creep-
rupture tested (Figure 20) indicated a higher growth rate then for the corre-
sponding unstressed exposures. In fact, these results indicate an activation
energy for growth under stress of about 60 kcal/mole at all temperatures con-
sidered. Further data Would be required to substantiste this cbservation. As
shown later, under these conditions, the 7' particles were sheared by <110>
type dislocations—this could have caused the faster growth [9].

In two cases, bimodal distributions of y' particle sizes were observed in
sheet materials. The "mpltiple“ aging treatment resulted in & y' volume frac-
tion of approximately 0.20 with an average size of about 30004 [due to the k-
hour age of 1975°F (1079°C)] while, the remainder of the »' (volume fraction
about 0.2%) had an average size of approximately 4304 [due to aging &t 1550°F
(843°C) and 1LOO°F (760°C)]. For thig heat-treated material, the bimodal dis-
tribution of sizeg persisted in all of the specimens examined which were creep-
rupture tested at temperatures up to 1400°F (760°C). In the specimen tested
at 1600°F (B871°C) at 20 ksi {138 MN/mE) there was & unimodal y' distribution
with an average size of about 37308. This occurred becsuse the test tempera-
ture was above the aging treatment temperatures of 1550° and 1400°C (843° and
760°C).

In the sheet materials aged at the highest temperatures, especially the

material aged at 1700°F (927°C), "ultrafine" y' precipitated during air cooling
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-from the aging temperature and then developed during high-temperature testing.
The volume fraction of this ' was less than about 0.05.

Limited studies Weré carried ou£ to charactgrizelthe v' size and distribu-
tion for the heat-treated bar and invegtment cast materials. As noted previ-
cusly, y' precipitated and coarséned during cooling from the solution treat-
ment temperature. The greater the section size the larger the y' that devel-
oped. This had & major influence on the y' size distribution for the heat-
treated bar materials and, to & lesser extent, for the investment-cast materi-
als (Table IV). Relatively large particles (about 1170-1570f in diameter)
formed on air cooling the bar material from 2150°F (1177°C), while, smaller
particles (approximately 520-760&) occurred in the air-cooled investment-cast
materials."Even watef—quenched bar material contained ' particles'about 160~
8508 in dismeter. The relatively large y' size for these materials should be
cdmpéred to the 100& diamefer particles in the solution-treated and.air-cooled
sheet materials (Table IV).

There was a considerable range of y' particle sizes in the larger section
sized materials. The particles were smaller near the surface than at the cen-
ter where the cooling rate was considerably slower. The y' size distribution
cbserved for the bar material solution treated and aged 3 hours at i500°F
(816°C) is shown in Figure 21. Iarge particles developed during air cooling
from.the'solu%ion treatment'and then coargened somewhat during aging to a final
average size of about 1300-19008. Also during aging, "fine" y! gréw to about
1308 in dismeter. Bimodal y' size distributions of this type occurred in all

the heat-treated bar materials (Table IV).
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For the investment-cast materials, relatively small y' resulted from air
cooling after solution treatment and, an (essentially) unimedal distribution
of 7' particle sizes was observed for the material aged at 1500°F (816°C). The

multiple aged cast material contained a bimodal y' size distribution (Tsble IV).

DISLOCATION STRUCTURES

The dislocation structures in tensile and creep-rupture tested specimens
varied with product form, heat treatment, test temperature and stress. In
a8lloys of the type studied, the dislocation-motion ;echanism is governed by
the nature of the interaction of dislocations with the y' particles. The most
important variables are the ' volume fraction (essentially constant for a

given alloy), the ' particle size (and distribution)j and the tegt stress and

temperature.

Sheet Smooth Specimens Tensile Tested at 1200°F (6&9“6)

For the sheet material aged 3 hours at 1500°F (816°C), tensile deformation
occurred by the motion of a/2 <110 > type superlattice pairs which sheared the
small y' particles (about 230& in diameter) [10-12). In several instances the
dislocations were present ag extended-stacking fault ribbong. When this mech-
anlsm occurred the deformation was localized in slip bands (Figure 22a8). With
increasing particle size the deformation became more homogeneous. For the ma-
terial aged 48 hours at 1700°F (927°C) the 7' particles were approximately
1900K in diameter. Dislocations were observed boﬁing between particles (Fig-
ure 22b). In some reglons, concentrie dislocations were observed around 7'

particles which indicated that thege were pinched off by the Orowan by-pass
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mechanism [12]. This mechanism results in homogeneous deformation [2]. In
many cases (Figure 22b) the dislocations bowed in pairs. It is believed that
these superdislocetions formed in order to lower the energy necessary for the
dislocations to shear ultrafine o' particles [formed during cooling the mate-
rial after aging at 1700°F (927°C)]. 1In some areas of the specimen the defor-
mation was more localized and was associated with <]ji)$ type shear {Figure
22c).

The dislocatioﬁ structure for the material aged 2l hours at 1600°F (871°C),
which had an average y'size of about 650ﬁ, was intermediate in nature. PFor the
material with the "multiple" aging treatment, <110> type superdislocations
sheared the large +' (about EOOOﬁ‘in diameter) and élso-the~small particles

(approximately 4308 in dismeter). The deformation was localized (Figure 22d4).

Creep-Rupture Tested Sheet Specimens

For the sheet material aged 3 .hours at 1500°F (816°C) , creep.&t 1600" and
1200°F (538°, 649°C) occurred by <110> type shear (Figure 23a). Many extended
stacking fault ribbons We¥e cobserved and the deformation was hiéhly localized.
Similar dislocation structures were observed for the specimen tested at 1400°F
(760°C) at 50 -ksi (345 rum/me) which ruptured in 10 hours. However, in the
spec-imen tested at 35 ksi (241 MN/me) at 1LOQ°F (760°C) a different dislocation
structure was observed (Figure 23b). In some areas <112> type shear had oc-
curred [13-16]. This mechanism, whicﬁ has been oﬁserved for other high ¢
volume fraction alloys [14,16], involves the shearing of y' by loosely coupled

intrinsic/extrinsic fault pairs. This type of deformation results in less
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localized deformetion than <110 > type shear. As will be shown subsequently,
during ecreep <1l1l2> type deformation became more prevalent with increasing
particle size. It has been reported.[lh]‘that, pecause <112 > type shear is
most likely controlled by diffusion, 1t only occurs at low strain rates and/or
relatively high temperatures. Thus for the specimen tested at 35 ksi (24l
M[\T/me) at 1400°F (760°C), the "high" temperature, low strain rate, and the
presence of large y' particles (the particles grew to about 21004 during the
test exposure) probably acted to promote <112> type shear,

As the test temperature (and time) is increased diffusional-controlled
creep and recovery processes become more important. These processes presumably
influenced the dislocation structures produced by long-time testing at 1400°F
(760°C). This was certainly the case for the tests at 1600°F (871°C). In the
specimen tested at 30 ksi (207 MN/me) the defor?ation was homogeneous (Figure
23c). Dislocation networks were observed at the y/y' interfaces with few dis-
locations observed inside the y' particles. (Note that for the purpose of
this reporﬁ, the deformation is characterized as "“homogeneous" when the dislo-
cations were distributed throughout the matrix but not necessarily within the
v' phase.)

Reported work [16], indicates that the predominant creep mechsnism at
1600°F (871°C) involved shearing of ' by constricted a/2 <110 > dislocation
pairs. (Consistent with the reported study, the individual <110 > dislocations
were only clearly visible for the heat-treated meterials which contained larger
e particles.) The occurrence of <110 > type deformation at the highest test

temperature can be attributed to & drastic decrease in the y' antiphase
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boundary energy when the temperature was increased above about 1LO0°F (760°C)
f16]. MOS£ important, however, is the observation that, at the highest test
temperatures, the deformation was homogeneous.

A paréllel éeries of observatibns was made for the material aged 24 hours
at 1600°F (871°C) (Figure 24). The most significent difference was that,
due to the laréer v' particles, even at the "lower" test temperatures of 1000°
and 1200°F (538°, 649°C), <112> tjpe shear was quite prevalent. For the mate-
rial aged 48 hours at 1700°F (927°C) thé v! particles were even larger and
<1ll2> type shear wes the predominant creep mechanism at the lower test tem-
peratures, even so, scme <110> type shear occurrea (Figure 25). Corresponding
to the inecrease in <112 > type relative to <110> type shear, the deformation
became less localized with inereasing particle size.

The multiple—aged material defdrmed at the lower temperatures by both
<110 > and <112> tyée shear (Figure 26). The deformation was localized. With
increasing time and température,_the deformatioﬁ'became mere hbmogeneohs._ In
specimens tested at 1600°F (871°C) no "fine" y' was present, and the disloca-
tions were homogeneously distributed (Figure 26e,f}. Dislocation pairs were
clearly evident for the specimen tested at 30 ksi (207 MN/mE) while for the
specimen tested at 20 ksi (138 MN/mz) well developed dislocation networks oc-
curred at the phase boundaries. The structures observed occur when the parti-
cles are sheared by <110> dislocations and are modified by climb and recovery
processes [16]. Under these "high" temperature test conditions the deformation

wag homogeneous.
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Creep~Rupture Tested Bar and Investment Cast Specimens

The extensive microstructural study of the sheet materials was used to
define the manner which the disloecation mechanism‘varied witn the ¥’ size and
distribution and the test temperature and stress. As these relationships have
general applicability, only a limited microstructural study was carried out
for tested specimens of the bar and investment cast materials.

Of all of the materials tested, only the bar in the "multiple” aged condi-
tion did not exhibit time-dependent notch sensitivity.- It was, therefore, of
interest to determine the dislocation structure present in this material creep-
rupture tested at a "low" temperature. Fxamination of the specimen tested at
1200°F (649°C) at 110 ksi (758 Mw/me) showed that the dislocations were homo-
geneously distributed (Figure 27). It can be concluded that the homogenecus
distribution of dislocations arose due to the Presence of the large ' parti-
cles in tnis material (the size digtribution was bimodael with average +4' sizes

of about 4100-4600K and 750R).
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DISCUSSION

THEORETICAL CONSIDERATIONS

The strength of dlspersion strengthened msterlals can be calculated from
theoretical concepts. Gleiter and Hornbogen [2] reported that the increase in
critical resolved shear stress, CRSS, arislng from particles possessing long-
range order that are sheared by dislocations, ATsh’ can be determined from the

following equation:

. . 3/e  1/3 /2 -1/2 -2
T = . D/2 b
BT, 0.28 y, 7% v, 77 (p/2) " u , (3)
2
where; Tp = antiphase boundary energy (161 ergs/cm )*
Vf = precipltate volume fraction {0.4k)
D = mean particle diameter
: T, 4 2
b = matrix shear modulus (I.0., IO psi - 6.9 x 10 MN/m )

b = Burgers vector (a/2 <110> = 2,53h)
The.correspondingincreasedstrength of a polycrystalline material, Acsﬁ’ can
be taken to be 3.06 AT where 3.06 is the Taylor factor [17]. The antiphase
boundary energy of 161 ergs/cm? for the (111} plane of the 7' in Udimet T0C

was calculated from the relationship [187:

2
, 2.42 k Te § : .
CIC )

where: k Roltzmann's constant

lettice paramefer of »' (3.58k)

o
1l

#Values in brackets sre for sheet Udimet 700 at 1200°F (6L49°C).
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critical ordering temperature (about 2640°F - 1449°¢)

=]
il

long-range order pasrmeter {calculated from the y' composition
{19] to be 0.78).

n
Il

The coherency stralns between the y' and thé ¥y matrix can also have a
strengthening fole (for both shearing and by-passing). Gerold and Haberkorn
[20] proposed the following relafionship for the increase in CRSS due to co-
herency dgtrain:

v D\/2 |
31.!-85 2(_;; » (5)

ATC =
where: g is the constrained misfit (= 2/3 the unconstrained misfit). The
lattice parameters of extracted o' (unconstrained) and y {constrained) for
heat-treatgd Udimet TOO sheet material were determined by x-ray diffraction,
Within the accuracy of the measurements, no significant difference was evident
between the lattice parameters of these phases (a's of 3.5848). Tt can be con-
cluded that little or no misfit occurred and, thus, the contribution of coher-
ency strain to strengthening was negligible for this particular alloy.

The increase in yield strength due to the presence of y' was, therefore,

taken to be b Calculated values for bg_, at 1200°F (6Lk9°C), as & function

h
of particle size, are shown in Figure 28. It should be noted at this point
that recently Copley and Kear [21] introduced a dynamic theory for calculating
the CRSS for shearing. This formulation has not béen used in the present in-
_vestigation since appropriate values were not avallable for sll of the necesg-

sary terms. It has been noted, however, that this dynamic method results in

somewhat lower CRSS (by about 10 percent) than determined by the static

method [21].
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The yield strength of dlspersion strengthened alloys, ay, can be deter-
mined by adding the yield strength of the matrix, Acm, to thg increase in
strength due to the presence of the pérticles, AUP. Compariscn of values‘at
lEOOfF (64g°c) for gy(measured)and ﬁup {calculated Agsh) for the sheet mate-
rial sged 3 hours at 1500°F (816%:) (Figure 28), indicates ho  to be about S0
ksl (620Nm/m2). Alvalue for ba  was not determined experimentally. Consider-
ation of data avallable in the literature for solution-strengthened nickel-
base alloys indicated that a reasonable estimate for the yleld strength of the _
matrix at 1200°F {649°C) would be about 80 ksi (552 MN/mE). Thus, Whgn the 7'
particles were sheared by <100>_type dislecations, the yleld strengﬁh wag pre-
dlcted very well using the theoretical concepts (Eguation (35).

By-pagsing of particles by the bowing of dislocations and pinching off
dislocation loops, occurs at stresses greater than the "Orowén” stress. The

following formulation for the Orowan stress, ATO' (the increase in CRSS due to

the presence of non-deforming particles), was reported by Ashby [22]:

- o Apbd (4 |
&, B o x(n-a ™ (ub)’ (6)
where: d = mean planar particle size (0.82 D)

A = mean planar center-to-center particle separation
1/2 : '
= al1/v,) /2 (o351

B = statistical factor {about 0.85) related to the occurrence of a
distribution of lnterparticle spacings.

A = constant equal to 1 for an edge dislocation and (1 - v)-l for a
screw dislocation, where v is Poisson’s ratio. Reportedly [23],
A can be taken to be the geometric mean. (Assuming a value of
0.3 for v, & is 1,29.)
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Values were calculated for bo for the sheet material at 1200°F (6L49°C)
as a funcﬁion of‘pafticle gize. However, it was clearly evident that these
caleulated stresses were excessive. it 1s possible that this ogcecurred because
the formula was intended for a rela#ively small volume fractlion of non-
deforming precipitate particles (Udimet 700 contained sbout 4l percent ¥').
The sheet materlal aged 48 hours at 1700°F (927°C) contalned »' particles with
an average size of approximately 19208. The yield strength of 104.5 ksi (720
MN/mg) was assoclated with dlslocatlons by-passsing thexyf articles. Assuming
a value of about 80 ksi {552 MN/mE) for o , the lncresse in strength due to
the presence of particles by-passed by Orowan looping, Ado, would have to be
approxlmately 25 ksi (;72 MN/mE). This value lg about 30 percent of the cal-
culated value. The cufﬁes of Figure 28 are based on this "corrected" value
for the Orowan stress, Alﬁhough behavioral trends are evideﬁt from Figure 28,
modification of the theoretical work {Equation (6)) would be required before
the yield strength can be calculated from bagic material characteristics.
CORRELATION OF THE TIME-DEPENDENT NOTCH SENSITIVITY
WITH THE DISIOCATICN MECHANISM

In the previous studies of Waspaloy [2], Inconel 718 [4], and Modified
Waspaloy [5], a correlation wag established between the mode of deformation
and the notch-sensitive-behavior of the sheet alloys. When coherent precipi-
tatg particles, smaller than a criticel size, were sheared bf <110> type
dislocatlons the déformation was localized. Under these circumstances, time-
dependent notch sensitivity was observed from edge-notched specimen tests

conducted below the approximate 0.2 percent ‘offset yield strength (cy). When

ok



larger particles were by-passed by dislocations,'the deformatlon was homoge-
neous and time-dependent notech sensitivity was not evident.

In the present étudy of sheet Udimet 700, room temperature. hardnegs and
yleld ;trengths at 1200°F (6L49°C) increased witﬁ increasing y' particle size
until they exceeded a "critical” size (maximum hardness or Gy)’ after which
further increase in slze resulted in a decrease in hardness or yleld strength
(Figures 2 and 6), Correspondingly, the dislocation motion mechenism appar-
ently changed from <110> type shéar to by-passing by Orowan looping. Inthe low
temperature creep-rupture tests of all the heat-treated sheet materlals evalu-
ated, dislocations sheared the ¥' and the deformation was localized., Thus, in
contrast to results previocusly reported for lower precipitate volume fraction
alloys, even when the particles were larger than the "eritical” size they were
sheared ‘by dislobations. This sltuatlon arose because %112> type shear (=
diffusion-controlled mechanism) occurred during créep but not in the "time in-
dependent”" hardness and tensile tests. Consistent with the fact that <110>
or <112> type shear occurred for all the heat-treated sheet materlals creep-
rupture tested at the lower test temperatures, they all exhibited time-
dependent notch sensitivity.

In previous investigations [1—5],.it was shown that the notch-sensitive
behavior of sheet materials depends on tﬁe notched specimen test stress rela-
tive to the approximate 0.2 percent offset smooth specimen yleld strength.
When notched specimens sre tesgsted above the yleld strength, yielding on loading
reduces the stresses gcross the specimen at the base.of the notch to the ap-

proximate nominal stress and, as a consequence, time-dependent noteh sensitivty

25



does not oceur. On the other hand, when notched specimens are loaded to
stresses below the yleld strength, the stress concentrestions caﬁ only be fully
relaxed by creep { from the approximaﬁe vield strength to the nominal stress),

As a result, tlme-dependent notch-sensitivity occurs when the creep deformation,
necessary to relax the stress concentrations, causes excessive creep damage

that results in premature crack inifiation and fallure. The results for sheet
Udimet 700 were not Inconsistent with these obgervations. Sufficient tests
were not, however, conducted to definitely establish the notched specimen creep-
ruture strengths above the yield strengths.

At the lower test temperatures, the notched sheet specimen stregs-rupture
tlme curves exhibited a decrease in steepness whichicaused the severity of the
notch sensitivity to decrease with time (Figures 8 through llj. The stress at
which the upward break occurfed, C lncreased with increasing »' partiéle
size {Figure 29). Presumably, the upward break results when the stregsg is re-
duced low enough so that little or no ereep can cccur; This explanation is
also consistent with the fact that test dats indicated the 9 tended to in-
crease with decreasing temperature. For the sheet material aged 3 hours at
1500°F (816°C), creep at 1200°F (6L9°C) occurred by <110> type shear. The
calculated value for Agsh for this material corresponded very closely to the
% value. The general applicability of this correlation warrants further
checking.

Values for °, and the yleld strength, oy, can be used to define the 1imits
of a stress-particle size zone in which time-dependent noteh sensitivity

occurs. Essentially unimodal y' size distributions occurred for the sheet
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materlals aged at 150C°F (816°C), 1600°F (871°C), and 1700°F (927°C). As a .
consequence,‘&n and‘cy V&lues could be plotted directly onto a stress-average
particle-size graph (shown in Figure 30 for data obtained at 1200°F (649°C).
‘fhé stress raﬁge over which time-dependent notch sensitivity occurred decreased
with inereasing y' particle slze. None of the heat-treated sheet materials
evaluated contained ' large encugh so they were not suscentlble to time-
dependent notch sensitivity.

For materials with bimodal y' size distributions, it was necessary to de-
rive an faverage" 7' size in order to represent the notch-sensitive behavior
on the stress-particle slze dlagram. The "multiple" aged sheet material con-
tained a sizé dlstributlon of this type, with volume fractions end average
sizes, respectivély, as follows: 0.19-30004 and 0.25-430R (Table IV). An
average size of 7TOK‘(volumé fraction 0.4l) was calculated by the following

averaging method derived from Equation (L4):

1 : (0.8213) i 1 (6°8931> |
1n = I - in . (7)
- NP Ik o VP

Based on the deta for materisl with wnimodal ' size distribution ( Figure 28,
one wlth the calculated average particlé size would exhibit values of'ljo and
and 50 ksi (896 and}hﬁMN/m.g)_foray and a s respectively. The measured valuesg
were 125 and 60 ksi (862 and hi9 MN/m?). Thus good agreement was obtalned for
gy but ngt for dn- Thls was not uﬁexpected because the averaging technique
wag based on an equation which describes the increase in CRS when dislocations

by-pass y' by Orowan looping., This mechanism controlled yielding (cy) but not



ereep (1l.e., cn). Thus &n alternative method was required to determine the

"average” »' size when the particles were sheared during creep. Trial and

error showed the following relatlionship to be effective:
1

bv, = ZV, D (8)
1

An average size of 15508 was obtained for the multiple-aged sheet material
which resulted in perfect agreement of the measured o, value with that pre-
dieted from the unimodal y' size data (Figure 29).

A similar analysis was carried out for the investment cast snd bar mate-
rials using measured and estimated values for the ' particle gizes and volume
fractions (Table IV). Thése values were known less exactly than wag the camse
for the sheet materisls. In addition, as previously described, considerable
ranges of y' particle sizes occurred. Because of this the stress-particle
size relatiqnships‘evideﬁt at 1200°F (649°C) should be considered with some
cautlon (Figure 29). For a given average particle size, the yleld strengths
for the bar snd cast materiéls‘were greater than for the sheet material. As
previously discussed,several factors, Including differences in the y' volume
fraction, contribu£ed to these differences. More significant, o values for
the bar material were considerably higher (about 1.5‘times) than for the sheet
and investment cast materials with the same average y' size. This can pri-
marily be attribufed to differences in the notched speclmen geometry (Flgures
3, 4, and 5). Triaxial stresses, introduced by the circuﬁferential notches
In the bar specilmens, considerably reduced the effective stress in the creep-

tested notched specimens and thereby gave higher Gn values than was the case
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for the edge-notched (biaxial stress) sheet and investment-cast specimens. It
might also be noted that the notched specimens of the bar materials had Kt’s

of 8, while for the sheet materials, the K, 's were greater than 20. However,

t
this difference probably had little effect on the 9, values. Previous research
for sheet materials [24], demonstrated that time-dependent notch sensitivity

is ag severe for a Kt of 3 ag it 1s for larger values. The explanation is

that as long as the stress concentration is large enough to raise the stress

at the base pf the noteh above the yield strength then creep relaxation from
the yleld strength, which determines the notch sensitivity, 1is egssentially in-
dependent of the actual Kt value.

It can be readily seen from the stress-particle size diagram (Figure 29)
why the bar with the "miltiple" age was the only material tested which ex-
hibited little or no time-dependent notch sensitivity (Table II, Figure 15).
Based on a calculated "average" y' size of 23154 (Table IV), extrapolation of
the stress-particle slze curves indicates a value of about 110 ksi (758 MN/mz)
for g, This value iz only slighﬁly less than the yield strength.of 128 ksi
(882 MN/m?). As a consequence, as was demonstrated experimentally, this mate-
rial could be expected to exhibit little susceptlbllity to notch sensitivity
at 1200°F (649°C).

The above discussion of:stress-pérficle slze zones related to the time-
dependent notch sensitivity at 1250°F (649°¢). The o, and o values defining
the limite oé the zone vary with the temperature. As observed experimentally,

o_ can be expected to increase with decreasing tempersture due to decreasing
n

creep reslstance. The yleld strength of Udimet 700 changes very little with
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temperature from room.temperature to sbout 1300°F (T704°C). Thus lowering the
temperature from 1200°F (649°C) decreeses the stress raﬁge over which time-
dependent notch sensitlvity oceurs. However, more significantly, the lower

the temperaﬁure the longer the timé period at which time-dependent notch
sensitivity becomes evident. 1In fact, It is.prdbable that fime-dependent nof;h
sensitivity would cease to become a problem for service temperatures much below
sbout 1000°F (538°¢). 'Ihe effect of increasing the temperature above 1200°F
(649°C) on the stress-particle size zone for time-dependent notch sensitivity

1g complex. The values for 9, and Oy decresse rapidly with incressing tempera-

ture above about 1300°F (TOH°C). More importantly, temperature-activited creep
processes, such as climb and recovery, become Important along with slegnificant
growth of the y' precipiltate. All of these factors caused the deformation to
become homogeneous and thereby eliminated time-dependent notch sensltivity.
Stress-average particle size zones characterizing the time-dependent edge-
notch sensitivity at 1000°F (538°C) for sheet Modified Waspaloy and Waspaloy
(Figures 30 and 31), were derived from the dats obtalned from previous studles
[1,2,5]. These alloys were strengthened by y' with volume fractions of 0.095
and 0.235, respectlvely. It was possible to define the approximate limits of
the zone for Modified Waspaloy. However, time-dependent notch sensltlvity was
not observed from the notched specimen rupture tests that were carried out [5].
This occurred because the tests were not conducted (entirely) within the limite
of the stress-particle size zone. A%t the lower test temperatures, where the
notch sensitivity 1ls observed, many of the tests were above the yleld strengths

[the heat treated materials had relatively low yleld-to-tersile-strength ratios,
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about 0.5)]. In the teste that wefe conducted below the yleld strengths, the
test times were Sufficiently long so that growth of the y' caused the disloca-
tion mechanism to change to loopipg, i.e., the particles grew beyond the limits
of the stress-particle size =zone where time-aependent notch sensiti&ity occurs.

From comparison of the stress-particle size zones for the three materials
(Figure 29, 30, and31), 1t is evident that they differ even though the general
characterisitics are the éame. For Modified Waspaloy and Waspaloy small »'
partlicles were sheared by <110> type dislocaﬁions. Fof Udimet 700, shearing
also occurred during creep by <110> type dislocations. However, as the y!
particle size was lncreased, <112> type shear Became operative. This was the
principai reason ﬁhy the zone for time-dependent notch sensitivity extended to
much larger particle sizes for Udlimet 70O than wés‘the cage for the other two
materials,

The mechanisms by which dislocation by-passed the 7' were also dependent.
on the precipltate volume fraction. For Modified Waspaloy, the y' particles
were by-passed by both cross-slip and Orowan looplng, whereas for the higher
volume fraction alloys, Waspaloy and Udimet 700, only Orowan looping occurred.
(lote however, that the CRSS for cross-slip and looping are the same ( Orowan
stress) as theylare both dependent on the ability of dislocations to bow be-
tween particles.)

The yleld strengths increésed with the ¥' volume fracticn in the alloys
sfudied. This occurred due to an Increase in the volume fractiocn per se along
with other factors, the most significant being the increase in strength'aséo—

ciated with higher alloyed matrices (Acm for Modified Waspeloy, Waspaloy, and
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SUMMARY OF RESULTS

A research program has been carfied out to characterize the susceptibility
of sheet, bar, énd cast Udimet 700 to time-dependent noteh sensitivity in the
temperature range 1000° to 1600°F (538°-871°C). The results were evaluated in
terms of the mechanical characteristics and the dislocation motion mechanisms
operative.

Time-dependent notech sensitivity occurred at the iower test temperatures
for several heat treatments of all test materials. The severity of the time-
dependent notch sensitivify decreased with increasing test temperature so that
none was observed at 1600°F (871°C). The susceptibility to‘notch sensitivity
wag dependent on the notched gpecimen geometry and the y' size distribufcion.
The sheet and cast materials behaved similarly as they were both evaluated
using edge-notched "flat" specimens (notches introduced biaxial stress concen-
trations). The bar materials, with circumferential notches, were less suscep-
tible to notch sensitivity. This was sttribubed to the fact that the notches
introduced triaxial stress concentrations which acted to reduce the effective
stress relative to the.nominal and, thereby, inecreased the notched specimen
rupture strengths.

The severity of the nofch sensitivity decreased with increasing average
y' gize in the heat treated matérials. The y' size distributions varied with
section size and aging treatment. The greater fhe section size the larger the
»' that resulted on air cooling from the solution treatment temperature. The

more severe the aging treatment (higher temperature and/or longer time) the
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greater the coarsening of ' dufing aging. Growth of y' followed tl/3 diffu-
sion-controlled kinetics. The activation energy fgf growth. varied from about
130 to.60 kca;/mole for unstressed ekposure af tgmperatures from 1500° to
1975°F (B816°-1079°C), respectively.

In tensile and creep-rupture tests, variations in the y! size distribution
resulted in changes in the dislocation motion mechanisms. In tensile tests,
<110> type dislocations sheared y' particles smaller then a critical size
(about 5008 in diameter). ILarger particles were by-passed by Orowan looping.
These mechanisms resulted in localized and homogeneous deformation, respec-
tively. 1In creep-rupture tests at the lower tempergtures, small particles
were sheared by <110> type dislocations. With inereasing y' particle size,
<112 > type shear became opgrative. Correspondingly, the deformation became
less localized with increasing partiele size. For all of the heat treated ma-
terials that exhibited time-dependent notch sensitivity, the deformation wag
iocalized and the y' particles were sheared during creep by either <110> or
<1l2> type dislocations. At the higher temperatures, recovery processes be-
came operative during creep, the deformation was homogeneous and, no time-
dependent noteh sensitivity was observed.

‘The results of the investigation were consistent with the following con-
ceptsldeveloped from former investigations of nickel-base alloys containing
smaller volume fractions‘of precipitated particles {1-5]: (a) Time-dependént
notech sensitivity occurs when notched specimens are loaded below the approxi-
mate 0.2 percent smooth specimen offset yield strength and, (b) The precipitate

particles are sheared by dislocations and the deformation is localized. Time-
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dependent notch sensitivity ﬁas not been cbserved, under any test c?nditions
for which the deformation is homogeneous.

The date obtained were used to define the 1imits of a stress-average par-
. ticle size zone for which time-dependent notech sensitivity occeurs for Udimet
700. Determination of fhe‘zone using theoretical concepts was examined.
Limited success indicated that, with soﬁe modification, theoretical definition
of the zone is feasible. This would allow prediction of the time-dependent
notch sensitive behavior precipitation strengtﬁened alioys with little or no

mechanical testing.
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TABLE T

SMOQTH AND EDGE-NOTCHED {Ky > 20) SPECIMEN TENSILE AND CEEEP-RUPTURE PRCPERTIES AT 1000° to 1200°F (538°-871°C)
FOR C.025-INCH {(0.64 mm) THICK UDIMET 700 SHEET SOLUTION TREATED 1/2 HOUR AT 21%0°F (1177°C) AND AGED

Smocth Specimens

Motehed Specimens

Test Rupture Minimm Time Rupture pE:)
Temperature Sureas Time Elang. A Creep Rate _Temperature Btress Time Strength
(°F} (°c) (ki) (m/m) {hr) (%) (%) {#/hr) (°F} (°c) (kei) (/) (hr) Batio
Aged 3 Hours at 1500°F (B16°C)
1000 536 110 8 1199 sh® 3.2 - -ve® 1000 538 70 L83 2539 ph 0.66
1200 &hg 162.7 1122 tengiled 7.9 16 - 1100 593 50 621 L&.3 ph 01l
80 552 11C sh - - -ve 70 433 253 ph o7z
8¢ 552 34.1 gh - - -ve 50 345 90.0 ph o048
60 Lk 353 piP - - -ve
2200 (1) W7 1032 tensile 0,52
1400 760 50 3hs 10,2 sh 0.5 - - 2ls} 552 10.5 0.81
z5 241 8513 2.0 2.5 0.000031 60 41k 37.0 Q.67
Lo 276 58% ph 0.55
1600 871 30 207 kos 2.2 3 0.00069
1400 %o 30 207 8642 Discontinued
1600 871 30 207 126 ph 0.91
Aged 24 Hours ab 1600°F {B71°C)
1000 538 120 827 2329 1.0 T wyra 1000 538 go 552 Lso7 0.67
120 &ho 167.0 1151 tensile? 3.1 13 - 1100 533 ) 621 159 .76
110 158 17 0.6 7 -ve [s) 1k 2508 ph 0.56
% 621 1152 ph - - -ve
1200 ] 1h4o.2 967 tensile 0.84
ptles} TE0 T0 483 L1.8 ph - - 0.0042 go 552 2.3 0,71
4o 276 oz 1.9 & 0.000064 60 ik 58,3 0.54
ito] 276 5512 0.50
1600 871 30 267 Lok .7 10 C.00077
20 138 2200 i - 0.000050 1400 il Lo 76 15.0 ph 0.50
bl 207 G811 Dizcontinued
Aged 45 Hours at 1700°F {927°C)
1000 538 100 &89 8306 Discontinued -ve 1000 538 =) 552 hgss >0.76
1200 g0 126.2 870 tensiled b8 1n - 1200 649 120.6 832 tensile .96
90 621 Ba.7 n.g - -ve 70 L83 b1,k 0.76
ac 952 124 0.5 3.0 ~ve 50 bk 1748 .81
To YB3 1271 ph - - —ve
1h00 160 S0 s 3840 1.0%
heo 60 50 3hs 2z29 Ak 7 0.00040
1600 0 207 566 ph 1.13
1600 871 30 207 ko2 3.6 3 -ve 20 138 1157 0.92
Aged 4 Hours at 1975°F (1079°C) Plus 2b Hours at 1550°F (843°C) Plus 16 Hours at 140C°F (760°C) = "Multiple"
1000 538 125 fez 35.1 1.2 5 -ve 1000 538 100 689 287 0.82
110 110 4787 Discontinued -ve 8o 552 1860 ph 0.67
™ 433 G343 Discontinued
1260 640 5.7 1005 tensiled 2.2 3 -
120 827 6.2 a.p b - 1100 553 100 689 9.2 0.83
80 552 12,086 2.0 L -ve 70 Lg3 2855 063
1keo TEO 7o 1583 92,4 6.2 10 0.003% 1800 &g 12k.5 458 tensile 0. 85
50 3h5 1378 3.2 12 0.,00025 0 621 31.6 8.7
T 183 0.0 ph 0,62
1600 871 30 207 274 1.2 2 -ve 70 483 63.9 Q.62
20 138 1320 2.9 2 0.0000LT [<1a] i 190 h 0.53
1400 T80 =0 ) 1130 1,00
1600 871 30 207 79.7 ph 0.86
20 138 833 ph 0,91
Notes: axsh = failed at shoulder.

b
ph = failed at pin hole.

3 oo
-ve = negative minimum creep rate.

d
0,2 percent offset gielc! strengths at 1200°F (645°C):

135.0 ksi (931 ME/n™); 48 hours at 1700°F {927°C) - 10L.S ksi {721 MN/mE); "Multiple" - 127.0 ksi (876 Mm/m).

zR

3 hours st 1500°F {816°0) - 132.0 kei (910 MN/mE); 2k hours at 1600°F {871°C) -



TARBLE IT

SMOCTH ARD CIRCUMFERENTIAL-MOTCHED (Ky = 6) ROUND SPECIMEN TENSILE AND CREEF-RUPTURE PROFERTIES
AT 1000° to 1800°F (538°-982°C) for 0.6-INCH (1.5 cm)} DIAMETER HEAT TREATED UDLMET 700 BAR

Smooth Specimens

Notehed Specimens

Test Fupture Mindimum Test, Rupture /s
Temperature Stress Time Elong. Robe Creep Rate Temperature Biress Time Strength
] (&) {xsi) (/=) {hr} (% (% {%/hr) (°F) (°c) (E1) (/) (nr) Ratio
Weter Quenched from 215C°F {1L77°C)
1200 60 Lih O.b
30 207 > 102.3 thP
25 172 3295 Diseontinued
Air ooled from 2150°F (1177°C) and Aged 3 Hours at 1500°F (816°C
100G 538 170 1172 569 10.9 ji 0.0008 2000 538 150 103k 205 0.8k
10 827 2332 0.72
1200 (3] 191.5 1320 tensile® 12.7 1 - 100 685 4206 Diecontinued
130 896 231 3.5 5 0.0019 .
110 758 1823 3.6 3 0.00013 1100 593 110 758 218 0.70
8o 552 &746 Discontinued ©.00003T B5 =86 Boht Discontinued
1L00 760 80 558 190 8.0 2 0.016 1200 6Ly 200.5 1382 tenalle 1.05
[24] L1y 1414 7.9 11 0.0000S © 110 758 . lBy 0.Th
8o 552 1549 0.68
1600 a7 ko 26 276 16,4 15 0,002 60 b1l 6720 Discontinued
1800 g2 15 103 193 9.7 24 0.0088 1400 THL T0 483 1576 1.11
Air Cooled from P150°F (1177°C) and Aged 24 Mours at 1600-F (BT2°C)
1200 o49 186, 1285 tensile® 11.G 11 1200 6hg 150 1034 51.6 ~1.0
130 g6 La1 1.8 5 0.00050 110 758 166 0.79
110 T8 1352 th - - 0.,00020
1400 760 8o 552 115 1.00
100 60 30 5952 156 4.5 § 0.016
&0 1l Bol 12,3 18 5.0012
1600 a1 [Ig] 276 ) 18g 2.7 20 0,0037
Alr Cooled from 2150°F {1177°C) and Aged 4 Hours st 1975°F (3079°C) Plus 24 Hours at 1550°F {843°C)
Plus 16 Hours at LWQO°F {760°C) - "Multiple
1000 538 17 ' 1172 558 0.4 10 00,0025 1000 538 170 1172 711 1.02
1200 649 187.9 1266 tensile? 12,8 13 - 1200 &h9 204.8 k12 . tensile 1.09
pLT 965 95.1 10.5 10 0,036 110 758 2413 1.00
130 896 415 14,1 17 ¢.02% 20 &21 6100 DMscontinued
116 T38 2608 9. 10 o, 00047
1400 TEQ €8 L69 5110 1.17
1500 60 o] L83 285 19.5 3L 0.0058
55 379 1612 9.0 29 0,00024% 1600 g7 30 707 1198 Discontinued
1600 871 30 207 1289 20.2 22 0.0013

Notes: 0.2 percent offset yield strengths at 1200°F (649°C): Alr cooled + 3 hours at 1500°F {81A°C) - 136.5 kai {951 MN/mE); alir cooled + 2L hours
at 1600°F (BT1°C) - 139.0 kei (958 MN/m2); mir cooled + "Maltiple" - 128.0 ksi (883 My/m?),

bth = pulled cut of threads.

39



TAELE TIT

SMOOTH AND EDGE-NOTCHED (X, = 18) SPECIMEN TENSILE AMD CREFP-RUPTURE PROPERTIES AT 1000° T0 1600°F (538°-871°C)

FOR 0.09-INCH {2.3 mm) THICK SECTIONS OF INVESTMENT CAST UDIMET 700 SOLUTION TREATED 4 HOURS AT 2150°F {1177°C) AND AGED

8mooth Spec imens Notched Specimens
Test Rupture MInimum Test Rupture W/
Temperature Stress Time Elong. R-A. Creep Rate Temperature Stregs Time Btrength
{°F) (°c) (ksi) _ (M¥/nf) (hr) (%) (%) (%/nr) (°F) (°cy (ksi) (Mm/m®) {hr) Ratio
Aged 3 Hours st LS00°F [B16°C)
1200 élg 1:0.% or2 tenaile 3k [ 1200 ho 113.0 779 tensile 0.B0
80 552 10.2 sk® &0 1k b7 0.72
60 41k 5827 Discontinued 4o 276 95,0 0,5%
il 207 k515 0,45
oo 750 Lo =76 4250 Discontinued 1ha0 TEO 30 e 6.7 0,43
1600 ar 0 207 730 1.5 3 0,00032 1600 871 22,5 155 551 -
Aged b Hours st 1975°F (1079°C) Plus 2k Hours st 1350°F (G43°C) Plus 16 Hours at thOO°F (760°CY - "Maltiple”
1000 538 30 552 6925
1200 €49 137.7 akq tensile? 2.5 5 1200 =0 119.6 82k tensile 0.87
100 £89 158 1.8 3 0.00032 8o 552 97.3 0.76
2 4ib Lg29 0.82
o0 760 50 45 Skg 1.b 3 0.000024 1400 TED 30 207 39%8 Discontinued
1500 216 ha 276 2589 3.9 0.00053
1600 871 30 207 1368 8.7 3] 0.000%4

Not®s: Lsh = failed at shoulder.

0.2 percent offset yield strength at 1200°F {6k9°C) for the "multiple” aged material - 127.0 ksi (676 MN/mE).
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GAMMA PRIME VOLUME FRACTIONS AND SIZE DISTRIBUTIONS FOR UDIMET 7CO

TABLE IV

Computed

Unimodal Bimodal Distribution
Material Beat Treatment Distribution Large Small Average gize? (&)
(&) veC D, (5} Ve Do{X) Ve, Eq. (7} Eg. (B}
Sheet Solution Treated and Air Cooled (100)" 100
+ 3 hr at 1500°F {816°C) 230 0.4k 230 250
+ 24 hr at 1600°F (871°C) 650 0,4k 650 BE0
+ 48 hr at 1700°F (927°C) 1920 0.4k 1920 1930
+ "Multiple" age 3000 0.19 430 0.25 770 1550
Bar Solution Treated snd Water Quenched 100- 850
Solutdon Treated and Air Cooled (1170-1570) X
+ 3 hr at 1500°F (B16°C) 1300-1900 (. 32) 130 (0.16) 500 olo
+ 24 hr at 1600°F {871°C) {1800 -2400) (0,32} (500) {0.16) 1060 1400
+ "Multiple" age (41004600} {0, 22} TS0 (0.26) 1560 2315
Investment Cast Solution Treated and Air Cooled {520- 760)
+ 3 hr at 1500-F {816°C) 650- 890 0.50 6350 650
+ "multiple" ege 3400-37C0 (0.23) 650 {o.27)- 1hoo 1920

Notes: “Values in parentheses were estimated.

bAverages caleulated using Eqs. (7) and {8). In the latter case, the y' siZes Were first corrected for growth during notched specimen tests at
1200°F (649°C}. In both ceses, when a range of 7' siZes odcurred, the lower limit was nsed in the caleulation.

ch- = y' volume fraction.
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Figure 1. Iarson-Miller parameter curves showing the time-temperature dependence of the rupture strengths
. of sheet Waspaloy heat treated 1/2 hour at 1975°F (1079°C) plus 16 hours at 1L400°F (760°C) - Reference 1.
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Figure 2. The effect of elevated temperature exposures on the diamond pyramid hardness of sheet Udimet 700
solution treated 1/2 hour at 2150°F (1177°C). The aging treatments used in the study resulted in gamma
prime particles smaller [3 hours at 1500°F (816°C)], approximstely equal [2L hours at 1600°F (871°C)], and
larger [48 hours at 1700°F (927°C)] than the "eritical" size (corresponding to maximum hardness).
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Figure 7. Larson-Miller parameter curves showing the time-temperature dependence of the smooth specimen

rupture strengths of sheet Udimet 700 solution treated at 2150°F (1177°C) and aged.
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Figure 8. Larson-Miller pareameter curves showing the time-temperature dependence of the rupture strengths
of sheet Udimet 700 solution treated and aged 3 hours at 1500°F (816°C). Time-dependent notch sensitivity
was observed at 1000°, 1100°, and 1200°F (538°, 593°, and 649°c) but not at 1L400° and 1600°F (760° and 871°C).
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Figure 9. ILarson-Miller parameter curves showing the time-temperature dependence of the rupture strengths

of sheet Udimet 700 solution treated and aged 24 hours at 1600°F (871°C).
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Figure 12. TIarson-Miller parameter curves showing the time-temperature dependence of the rupture strengths
of round smooth specimens of Udimet 700 bar solution treated at 2150°F (1177°C) and aged.
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Figure 13. larson-Miller parameter curves showing the time-temperature dependence of the rupture strengths

of Udimet 700 bar solution treated, air cooled, and aged 3 hours &t 1500°F (816°C) and bar solution treated

and water guenched.

end 649°C).

Time-dependent notch sensitivity was observed at 1000°, 1100°, and 1200°F (538°, 593°,
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Figure 1h. Iarson-Miller parameter curves of the rupture strengths of Udimet 700 bar solution treated and
aged 24 hours at 1600°F (871°C). : .
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Figure 15. Larson-Miller parameter curves of the rupture strengths of Udimet 70O bar solution treated and
aged U hours at 1975°F (1079°C) plus 24 hours at 1550°F (843°C) plus 16 hours at 1LOO°F (760°C). Time-
dependent notch sensgitivity was not evident from these tests.
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Figure 16. larson-Miller parameter curves showing the time-temperature dependence of the rupture strengths
of smooth and edge-notched ("flat") specimens of investment-cast Udimet 700 solution treeted and aged 3

hours at 1500°F (816°C).
at 1600°F (871°C).

Time-dependent notch sensitivity occurred at the lower test temperatures but not
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Figure 17. ILarson-Miller parameter curves of the rupture strengths of investment-cast Udimet 700 solution
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trested and aged 4 hours at 1975°F (1079°C) plus 24 hours at 1550°F (843°C) plus 16 hours at 1400°F (760°C).
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Figure 18. The volume fraction of gamma prime in sheet Udimet 700 &s a function of temperature.
specimens contained higher amounts than the equilibrium values at elevated temperatures due to the precipi-
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Figure 19,

Coarsening of gamma prime in sheet Udimet 700 at elevated tempera-

tures as a function of the cube root of time. At zero time the mean particle

size was 100R which resulted from air cooling from the solution treatment tem-
perature. The curve gradients are values for the rate constant k.
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Figure 21. Transmission electron micrograph of a thin foil of Udimet 700 bar
solution treated at 2150°F (1177°C) and aged 3 hours at 1500°F (816°C). The
large gamma prime particles formed during air cooling from the solution treat-
ment temperature and then coarsened further during aging. The fine particles
developed during aging.
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(c) (a)

Figure 22. Transmission electron micrographs of thin foils taken from the
gauge sections of smooth specimens of sheet Udimet 700 solution treated, aged,
and tensile tested at 1200°F (649°C). Aging treatments: (&) 3 hours at
1500°F (816°C), (b) and (c) 48 hours at 1700°F (927°C), and (d) "multiple"
treatment.
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(b) ()

Figure 23. Thin foil electron micrographs of smooth specimens of sheet Udimet
700 solution treated, aged 3 hours at 1500°F (816°C) and creep-rupture tested.
(a) Tested at 1000°F (538°C) at 110 ksi (758 MV/m?). (b) Tested at 1LOO°F
(760;0) at 35 ksi (241 MN/m?). (c) Tested at 1600°F (871°C) at 30 ksi (207
MN/m=).
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(b) (e)

Figure 24. Transmission electron micrographs of thin foils of smooth speci-
mens of gheet Udimet 700 solution treated, aged 24 hours at 1600°F (871°C) and
creep-rupture tested. (a) Tested at 1000°F (538°C) at 120 ksi (827 MN/m<).

(b) Tested at 1200°F (649°C) at 90 ksi (620 MN/m?). (c) Tested at 1L400°F
(760°C) at 50 ksi (345 MN/m=).
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() (c)

Figure 25. Thin foil electron micrographs of smooth specimens of sheet Udimet
700 solution treated, aged L8 hours at 1700°F (927°C) and creep-rupture tested.
(a) Tested at 1200°F (649°C) at 90 ksi (620 MN/m®). (b) Tested at 1LOO°F
(7?020) at 50 ksi (345 MN/m2). (c) Tested at 1600°F (871°C) at 30 ksi (207
MN/m<).
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(b) (c)

Figure 26. Transmission electron micrographs of thin foils of smooth speci-
mens of sheet Udimet 700 solution treated, aged 4 hours at 1975°F (1079°C)
plus 24 hours at 1550°F (843°C) plus 16 hours at 1LOO°F (760°C) and creep-
rupture tested. Test conditions: (a) and (b) 1200°F (649°C) at 120 ksi (827
MN/m=), (c) and (d) 1LOO°F (760°C) at 70 ksi (483 MN/m2), (e) 1600°F (871°C)
at 30 ksi (207 MN/m?), and (f) 1600°F (871°C) at 20 ksi (139 MN/m<).
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Figure 26. (Concluded)
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Figure 27. Thin foil electron micrograph of a smooth specimen of Udimet TOO

bar solution treated, aged 4 hours at 1975°F (1079°C) plus 24 hours at 1550°F

(843°C) plus 16 hours at 1LOO°F (760°C) and creep-rupture tested at 1200°F
(649°C) at 110 ksi (758 MN/mZ).
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Figure 28. The variation of the yield strength at 1200°F (649°C) of sheet Udimet TOO with tne gamma prime
particle size. The yield strength of the alloy can be determined by adding the yield strength of the matrix
(Aop) to the incremse in strength due to the particles (4oyp).
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Figure 29. The d@pendence of the time-dependent notch sensitivity at 1200°F (649°C) of Udimet 700 sheet,
bar and investment castings on the test stress and the gamme prime particle size. Time-dependent notch sen-
sitivity occurs when notched specimens were loaded below the yield strength and when dislocations-~sheared
the gamma prime pafficles.
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Figure 30. The dependence of the time-dependent notch sensitivity at 1000°F (538°C) of Mcdified Waspaloy

sheet on the test stress and gamma prime particle size.
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Figure 31. The dependence of the time-dependent notch sensitivity at 1000°F (538°C) of Waspaloy sheet on
the test stress and gamma prime particle size.





